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Study  region:  The  Salmon  River  is  the  second  largest  tributary  of  the Klamath  River  in  north-
ern California,  USA.  It is a region  of  steep  mountains  and  diverse  conifer  forests.  Historical
land uses  including  logging,  ﬂow  diversions,  and  hydraulic  gold  mining,  have  resulted  in
altered  sediment  transport  regimes,  diminished  riparian  cover  and  reduced  large  woody
debris.  These  in  turn  have  altered  the  thermal  regime  of the  river.  Summer  stream  tempera-
tures  commonly  exceed  salmonid  (speciﬁcally  Oncorhynchus  spp.)  temperature  thresholds.
Study  focus:  Thermal  dynamics  of a one-kilometer  reach  of  the  Salmon  River  was quan-
tiﬁed  using  distributed  temperature  sensing  ﬁber-optics  (DTS)  and  Heat  Source  modeling.
Stream  thermal  responses  to scenarios  of  air temperature  increase  and  ﬂow  reduction  were
compared  with  riparian  reforestation  simulations  to estimate  beneﬁts  of  reforestation.
New  hydrological  insights:  Elevated  air temperatures  (2 ◦C, 4 ◦C,  6 ◦C)  increased  mean  stream
temperature  by  0.23 ◦C/km,  0.45oC/km  and  .68 ◦C/km  respectively.  Reforestation  low-
ered  temperatures  0.11–0.12 ◦C/km  for partial  and  0.26–0.27 ◦C/km  for full  reforestation.
Reduced  streamﬂow  raised  peak  stream  temperatures  in all  simulations.  Warming  could
be  mitigated  by reforestation,  however  under  severe  ﬂow  reduction  and  warming  (71.0
% reduction,  6 ◦C  air temperature),  only  half of  predicted  warming  would  be reduced  by
the full  reforestation  scenario.  Land  managers  should  consider  reforestation  as  a tool  for
mitigating  both  current  and  future  warming  conditions.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. Introduction
Stream temperature plays a critical role in determining the overall structure and function of stream ecosystems. Tem-
erature directly affects the distribution of ﬁsh (Meisner, 1990; Berman and Quinn, 1991; Eaton and Scheller, 1996; Welsh
t al., 2001), metabolic and overall growth rates of aquatic organisms (Markarian, 1980; Gregory et al., 2000), and the abiotic
onditions – such as gas solubility and solute concentration – that surround them (Matthews and Berg, 1997). Aquatic fauna
re particularly vulnerable to changes in the magnitude and duration of elevated stream temperatures due to their limited
obility in the stream environment.
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Previous research has shown that land management practices both directly and indirectly affect stream temperature. For
example, regulated ﬂows have changed the magnitude and extent of peak temperature downstream (Lowney, 2000). Logging
and livestock grazing have modiﬁed the quantity and quality of riparian vegetation, which buffer the stream from incoming
solar radiation (Brown and Krygier, 1970; Armour et al., 1991; Fleischner, 1994; Moore et al., 2005). Land uses that modify
stream channel structure and bank stability can also alter the mechanisms of heat transfer within the stream, typically
increasing daily maximum temperatures (Poole and Berman, 2001). Stream temperatures are projected to increase with
climate-change due to elevated air temperature and changes in precipitation patterns (Eaton and Scheller, 1996; Mohseni
et al., 2003; IPCC, 2007; Battin et al., 2007; van Vliet et al., 2013).
Thermal modeling of current and future climate stream thermal regimes is a central area of research to help guide
management actions to create and maintain resilient ecological communities. General circulation models (GCMs) have been
criticized as too coarse for watershed applications (Solomon et al., 2007). Therefore modeling techniques that link GCM
predictions to watershed and reach scales can provide insight into individual stream’s vulnerability to climate-change (Hill
et al., 2014) and to provide management tools for ﬁsh habitat protection (Caissie, 2006). By modeling climate and restoration
scenarios, land managers can be more informed about not only the magnitude of expected warming but also the magnitude
of warming that might be offset by management actions (Hannah et al., 2008; Seavy et al., 2009; Roth et al., 2010).
Heat Source modeling (Oregon Department of Environmental Quality, ODEQ, 2012, V7.0) was used to investigate the
potential thermal beneﬁts of reforesting riparian areas along a reach of the North Fork Salmon River, California, USA  that
has little vegetation due to legacy land management practices. The model was  calibrated with ﬁeld data collected in July
2012. Climate warming was simulated in multiple scenarios with uniform increases in mean annual air temperatures and
reductions in ﬂow. Each warming scenario was then repeated with partial and full riparian reforestation. Warming between
the scenarios was then compared to quantify the relative thermal buffering from reforestation.
2. Methods
2.1. Site description
The Salmon River (often referred to as the “Cal-Salmon”) is the second largest tributary of the Klamath River in northern
California, USA. The Salmon ﬂows east to west and consists of two  major forks, North and South, joining at Forks of the
Salmon, CA, USA. The entire watershed drains an area of 1945 km2 with average annual discharge of 1.5 trillion cubic meters
(1.2 million acre-ft.) (Elder et al., 2002). The Salmon River enters the Klamath River upstream of the Trinity River sub-basin.
The bulk of the Salmon River’s precipitation falls between November and May  and varies between 203 cm (80 in.) in the
headwaters to less than 100 cm (40 in) at the South Fork (Elder et al., 2002). Elevation ranges from 2609 m in the Trinity
Alps to 139 m at its mouth. The Salmon River basin is within a tectonically active north-striking fault zone. It is primarily
composed of uplifted maﬁc igneous and oceanic sedimentary deposits (Ando et al., 1983).
The Salmon River basin has a rich cultural heritage. It is part of the ancestral territories of Karuk, Shasta, and Konomihu
ﬁrst nations. Currently, the Klamath National Forest encompasses 90 % of the Salmon River. The Klamath Basin as a whole has
experienced widespread anthropogenic stress, primarily from logging, stream-ﬂow diversion, gravel mining, and hydraulic
gold mining (National Research Council, 2004). Klamath tributaries were degraded by human activity resulting in lack of
stream cover, sedimentation, and absence of large woody debris (LWD) (National Research Council, 2004; National Marine
Fisheries Service, 2012). The Salmon River is listed as thermally impaired under California’s List of §303(d) Impaired Water
Bodies, with mainstem temperature commonly exceeding salmonid temperature thresholds (CA Environmental Protection
Agency, 2002). Juvenile salmonids that over-summer in fresh water, including the United States’ federally listed coho salmon
(Oncorhynchus kisutch)  are the most at risk to adverse temperatures (Federal Register, 1997). We  conducted our study in July
to target elevated summer stream temperatures and investigate reforestation as a potential thermal restoration strategy.
The study site consists of a one-kilometer reach of the North Fork Salmon River (41.316528◦N, 123.169097◦W).  It is
located one kilometer upstream of Little North Fork Creek conﬂuence, the last major thermal refuge for up-migrating adult
salmonids. The reach was broken into ten habitat units corresponding to runs, rifﬂes, and pools as determined by generalized
slope/velocity breaks (USDA Forest Service Region 6 Stream Habitat Inventory Level II Protocol, 2006). The study took place
over a two week period in July 2012 and the simulation period was ﬁve days.
2.2. Field measurements
Heat Source includes multiple modules that simulate open channel hydraulics and ﬂow routing, stream heat transfers,
effective shade (topographic and vegetation) and the resulting stream temperature (Boyd and Kasper, 2003). Modeling
required a variety of ﬁeld measurements including meteorology, mainstem discharge, channel cross-sections, and stream
temperature at the upstream boundary. Three eKO Pro Series remote weather stations (Envco Environmental Equipment
Suppliers, South Paciﬁc) were deployed over the study period. Each station was  equipped with an eS2000 eKO Weather
Sensor which measured solar radiation, wind speed and direction, air temperature, humidity, barometric pressure, and
precipitation, the latter with a tip-bucket rain gauge. The velocity-area procedure was  used to measure stream discharge at
the upstream end of the study reach (Environmental Protection Agency, 2006). Discharge and depth were measured at 15
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Table  1
Initial vegetation heights and densities used in Heat Source (tTools) to categorize land cover types from aerial photographs.
Land cover Height (m)  Density (0–1)
Open water 0.0 0 %
Bare rock/cobble 0.0 0 %
Paved road 0.0 0 %
Large mixed stand 24.0 70 %
Small mixed stand 12.0 70 %
Large conifer stand 27.0 70 %
Small conifer stand 12.0 45 %
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ne-meter increments measured with a Swoffer Velocity Meter© Model 2100 (Swoffer Instruments Inc., USA). Measurements
ere made twice a day, at 09:00 and 16:00 h, for the entire study period.
Channel geometry and cross-sections were collected using the United States Department of Agriculture Forest Service
egion 6 Stream Habitat Inventory Level II Protocol (2006). Measurements in each habitat unit included total unit length,
aximum longitudinal depth, wetted width, bankfull width, maximum bankfull depth, bankfull depths at 25 %, 50 %, and
5 % of the bankfull width, surface depths at 25 %, 50 %, and 75 % of the wetted width, pool crest depth, and classiﬁcation
f riparian vegetation. Cross-section measurements were taken in three randomly selected locations in all runs and rifﬂe
nits. Three cross-sections were also measured in pools: a random location at the beginning third of the unit, at the deepest
oint in the pool, and at the tail water control (i.e., pool tail crest depth).
Stream temperature was measured with distributed temperature sensing technology (DTS). DTS is a method that mea-
ures temperature continuously over a glass ﬁber-optic cable placed in the thalweg of the stream. A detection device in
TS measures Raman back scattering – the proportion of Stokes to anti-Stokes photon scattering through the cable – which
hange in amplitude in varying thermal conditions (Selker et al., 2006a,b; Tyler et al., 2009). Field applications using DTS
ables have improved stream temperature modeling so DTS was chosen for its high spatial and temporal resolution (Westhoff
t al., 2007, 2011b; Roth et al., 2010; Matheswaran et al., 2011; Bond 2013). The site layout consisted of a four-channel Oryx
emote logging unit (Sensornet LLC. United Kingdom), three 70 amp-hour deep cycle marine batteries connected to two
olar panels; two calibration baths, and a 1 km long mini-ﬂat drop ﬁber-optic cable (AFL Telecommunications, 2007, USA).
TS data was collected at 1m resolution at 15 min  intervals. The cable was placed along the stream thalweg (±1 m)  and was
pliced at the downstream end, creating an internal loop in the cable which collected double ended measurements. DTS
oes through a ﬁeld calibration and post collection processing. Field calibration used the dynamic calibration method which
sed two calibration baths each with thermocouples and 15-meter coils of cable (Selker et al., 2006a; Tyler et al., 2009).
he post-collection processing was completed on both channels using the single-ended method developed by Hausner et al.
2011). The channel with the clearest signal was used for the study analysis.
Riparian vegetation used in Heat Source tTool spatial analysis was digitized by hand using ESRI’s World Imagery Basemap
2011) in a map  view between 1:500 and 1:600 (Boyd and Kasper 2003). In areas where channel boundaries were difﬁcult
o distinguish (e.g., topographic shade), aerial photographs taken by Watershed Sciences (2009) were used. Vegetation
olygons were assigned vegetation codes with associated height (m)  and density (%) (Boyd and Kasper, 2003) (Table 1).
mergent vegetation was set to zero for all polygons due to a lack of vegetation overhanging the banks. Ground-truthing of
he digitized vegetation layer was performed by randomly choosing 24 points in the study reach, describing the substrate /
egetation and visually estimating canopy density.
.3. Model parameterization and simulation procedures
Parameters and constants used in the Heat Source model, their values, and their literature reference if applicable are
resented (Table 2). Parameters referenced as “measured” or “estimated” were directly measured in the ﬁeld or estimated
rom ﬁeld measurements whose calculations are described in further detail below. “Calibrated” parameters were adjusted
o minimize model bias and root mean square error at the downstream-most spatial node (see Section 2.4).
Freeze and Cherry (1979) reported gravel porosity between 0.24 and 0.4. The larger value of the range was  chosen because
he channel sediment is a mix  of gravel and cobble. Both sediment thermal diffusivity and thermal conductivity values were
ecommended by the Heat Source interface to model gravel dominated substrate (Pelletier et al. (2006) cited in ODEQ, 2012).
anning’s roughness coefﬁcient was assessed by matching reach descriptions to those provided by Arcement and Schneider
1989). Deep alluvium temperature was estimated as the mean water temperature of three springs measured nearby the
tudy area; two at Kelley’s Gulch (40.329717◦N, 123.156617◦W)  and one at White’s Gulch (41.303333◦N, 123.075233◦W)
easured on July 24th and 25th 2012, respectively. While most of the parameters used in Heat Source were directly measured
r estimated, two parameters were used to improve model ﬁt. The thickness of hyporheic/substrate layer and percent
yporheic exchange were included in Heat Source simulations to improve predicted evening cooling rates. Parameter values
ere determined by minimizing model bias and RMSE at the most downstream node.
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Table  2
Parameters and constants used in Heat Source, value range shows minimum and maximum values measured over the study period.
Constant Description Value Reference
H [%] Relative Humidity 20 - 100 Measured
Tair [◦C] Air temperature 10.2–35.8 Measured
vwind [m s−1] Wind velocity 0.0 – 3.6 Measured
C  [%] Cloudiness 0 - 100 Estimated
Z  [dimensionless] Mean channel side slope ratio 0.067 - 0.405 Estimated
Wb [m]  Channel bottom width 11.6 - 32.6 Estimated
Thyp [◦C] Deep alluvium temperature 12.31 Estimated
dhyp [m]  Thickness of hyporheic /substrate layer 0.20 Calibrated
Hyp.  exchange [%] Hyporheic exchange 2.00 Calibrated
  [unitless] Porosity 0.40 Freeze and Cherry (1979)
2 −1sed [cm sec ] Sediment thermal diffusivity 0.0064 Pelletier et al. (2006)
Ksed [Wm−1 ◦C−1] Thermal conductivity of sediment 1.57 Pelletier et al. (2006)
n  [dimensionless] Manning’s roughness coefﬁcient 0.04 Arcement and Schneider (1989)
Heat Source’s ﬂow model simulation partitions the stream into discrete reservoirs that ﬁll from the bottom up. This means
that channel bottom width is necessary to simulate ﬂow conditions. Channel bottom width was  calculated from measured
bankfull widths assuming a trapezoidal channel shape using the equation:
Wb = Wbf −
(
2Zdbf
)
(1)
where Wb is the channel bottom width, Wbf is bankfull width, Z is the estimated channel slope ratio, and dbf is the average
bankfull depth. Bankfull width was measured once for each habitat unit. All model nodes within each habitat unit were
assigned the calculated bottom width.
Channel side slope ratio (Z) was estimated using cross-sections measured in each habitat unit. All model nodes within
each habitat unit were assigned this averaged slope ratio.
Percent cloudiness (C) was also estimated as a continuous meteorological input parameter in Heat Source.  Cloudiness
was estimated as a ratio of mean solar radiation (W/m2) received by the eKO remote weather stations and potential (i.e., no
interference including clouds) radiation (W/m2) estimated by Heat Source using the equation:
C =
√
1.54 (1 − received radiation/potential radiation) (2)
Received radiation was measured in the ﬁeld during the time of study. Potential radiation was  estimated by Heat Source
by reducing all vegetation heights and densities and topology-related features to zero. Elevation was set to a constant value
for all model nodes. Then “Shade-a-lator,” a package within Heat Source, was used to calculate the potential solar radiation.
In the past, cloudiness was directly measured and solar radiation was  estimated from meteorological conditions (the reader
is referred to Boyd and Kasper, 2003; Westhoff et al., 2007 and the corrigendum by Westhoff et al., 2011a, for the governing
equations of solar radiation above topographic features). It is important to note that an error in the equation for stream
heating contributed by longwave radiation cited by Westhoff et al. (2007, 2011a) was  found in the text of the User Manual
(Boyd and Kasper, 2003) not in the code for Heat Source version 7.0 used for this research.
The Heat Source model simulated water temperature over the 1-km study reach, at a spatial resolution of 90 m and a
temporal resolution of 1 h. The upstream-most node served as the spatial domain boundary, where the stream temperature
was ﬁxed at its observed hourly values over the ﬁve-day simulation period, and where hourly meteorological and ﬂow
conditions were used as model inputs. The model was initialized by simulating hourly temperatures over a ﬁve-day period,
repeatedly using the temperatures, ﬂow, and meteorological conditions observed on day one as the upstream boundary
conditions each day. This allowed the model to reach an equilibrium state for ﬂow and temperature before the model was
run with the ﬁve-day, time-evolving boundary conditions. These boundary conditions produced simulated temperatures
that varied both spatially over the reach and temporally over ﬁve full days.
2.4. Data analysis
2.4.1. Heat Source model performance
Before Heat Source could be used for model predictions it was  necessary to quantify how well the model performed in
space and time. We  deﬁned model error at each time and each spatial node as
error = predicted temperature − observed temperature (3)
and calculated four measures of model performance at each of the spatial nodes at which temperatures were simulated
(10 in total) The four measures were bias, root mean square error (RMSE), Nash-Sutcliffe Modeling Efﬁciency (NSE), and
log-Nash-Sutcliffe Modeling Efﬁciency (NSElog) deﬁned, respectively, as:
Bias = mean (predicted − observed) (4)
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Table  3
Table of mean annual air temperature with associated climate models, emissions scenarios, and time horizons (based on Null et al., 2010, 2013).
Increase in mean annual air
temperature
[◦C]
Climate model Emission scenario Time horizon
+2 HadCM3 A1FI (higher emissions) 2020–2049
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dPCM  B1 (lower emissions) 2070–2099
+4  PCM A1FI (higher emissions) 2070–2099
+6  HadCM3 A1FI (higher emissions) 2070–2099
RMSE =
√
mean
(
(predicted − observed)2
)
(5)
NSE = 1 −
(

(
(predicted − observed)2
)

(
(observed − mean (observed))2
)
)
(6)
NSElog = 1 −
(

(
(log (predicted) − log (observed))2
)

(
log (observed) − mean (log (observed))2
)
)
(7)
here means and sums were taken over all hourly observations. NSE was  calculated on both raw data and log-transformed
ata to assess whether large errors skewed measures of model performance. These temporally averaged values were plotted
ersus location downstream of the top node to assess model performance in space. Model performance generally decreased
ith distance downstream (see Section 3.1), so temporal analysis of model performance was conducted at the downstream-
ost node, in order to obtain a “worst case” assessment of error.
Temporal characteristics of model error were made by ﬁtting time series models to the ﬁve-day series of hourly tem-
erature errors at the downstream-most node. Based on standard time series diagnostics (Shumway and Stoffer, 2011), we
t eight candidate models that included the mean, ﬁrst-order autocorrelation, and periodic components. In particular, the
nclusion of autocorrelation components ensured that model residuals were independent. Periodicity was  modeled with
ine and cosine functions with various frequencies ranging between 1 and 11 cycles per day. A null model that included
nly the mean was also ﬁt. These nine models were ranked using Akaike’s Information Criterion, adjusted for small sample
ize (AICc; Burnham and Anderson, 2004). Residuals from the best model (lowest AICc) met  all model assumptions (normal
.i.d.), and this model was  used to characterize temporal patterns in error between Heat Source and DTS observations.
.4.2. Predicting thermal impacts from climate-change
A suite of climate-change scenarios regimes with varying air and deep alluvium temperatures and ﬂow regimes were
imulated in Heat Source and compared to the base model (2012 condition). Air temperatures were increased uniformly (i.e.,
patially and temporally) (Diabat et al., 2012) by 2 ◦C, 4 ◦C, and 6 ◦C to reﬂect forecast mean annual air temperature increases.
eep alluvium temperatures were also increased by the same increment, as groundwater temperatures track average air
emperatures. The Heat Source equations for atmospheric longwave radiation and land cover longwave radiation include
ir temperature as an input variable and so increase longwave radiation from these sources accordingly Boyd and Kasper
2003). Changes to humidity and cloudiness in future climates will also inﬂuence atmospheric longwave radiation, however
hanges to these parameters from the base model were not modeled in this study. All other parameters (i.e., meteorological
nd morphological parameters) remained unchanged (Null et al., 2010). These temperature changes are within the range
orecast by climate models for California and represent progressive warming through the end of the 21st century (Table 3,
ayhoe et al., 2004; Dettinger, 2005; Null et al., 2010). For each temperature increase, stream ﬂow was  reduced by 14.8 %, 38.3
 and 71.0 % from the base ﬂows measured in July 24, 2012. These ﬂow reductions correspond with the 50th, 25th, and 10th
ow percentiles respectively, for the Salmon River (1911–2014, United States Geologic Survey gauge # 11,522,500 Somes
ar, CA, USA). Although stream temperature at the upstream boundary would increase with air temperature in the climate-
hange scenarios, we had no a priori knowledge of what the model boundary conditions would be under the climate-change
cenarios. Thus we performed the climate-change simulations under two  different sets of boundary conditions, one that
sed the hourly stream temperatures observed during the ﬁeld study and another that applied a uniform air temperature
ncrease of 2 ◦C to the observed values. This allowed us to assess the sensitivity of the climate-change scenarios to boundary
onditions.
.4.3. Mitigating elevated stream temperature with riparian reforestation
Two reforestation scenarios, named “partial” and “full” reforestation, varied forest canopy heights and densities which
ere simulated in Heat Source to quantify the relative thermal beneﬁt of reforestation compared to climate warming scenar-
os (Fig. 1). Areas identiﬁed for simulated reforesting consisted of denuded gravel bars from historic hydraulic gold mining
nd areas of low vegetation in the study reach. The partly forested condition increased areas classiﬁed as “rock” (no height
nd no density) to small mixed stand conditions (12 m height, 70 % density) and “willow/shrub/rock” (2 m height, 45 %
ensity) to small conifer stand conditions (12 m height and 45 % density). The fully forested condition increased “rock” and
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Fig. 1. Map of vegetation classes for (A) current condition, (B) partial reforestation and (C) full reforestation. Note how grey areas become light and dark green. (For interpretation of the references to color in
this  ﬁgure legend, the reader is referred to the web  version of this article.)
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tig. 2. Model performance metrics at each spatial node, plotted versus distance downstream form the top of the study reach. Each point represents the
articular metric, as calculated over the ﬁve-day modeling period, July 2012, Salmon River, California, USA.
willow/shrub/rock” areas to large mixed stand conditions (24 m height and 70 % density) and small conifer stand areas to
arge conifer stand conditions (27 m height, 70 % density). This condition was  used to simulate stand conditions at the end
f this century (i.e., 2099), assuming that partially forested stands and extant conifers would continue to grow. To quantify
he thermal beneﬁt of reforestation, the mean difference in stream temperature between climate and restored simulations
as calculated at the downstream-most spatial node. This allowed us to capture the maximum difference in heating over
he study reach.
. Results
.1. Model performance
The four measures of model performance indicated very good performance at all nodes, albeit with a general decrease
n ﬁt with distance downstream from the top node (Fig. 2). This decrease in ﬁt occurred because temperature boundary
onditions were speciﬁed at the top node, and the model is driven by observed hourly meteorological conditions, which
ere recorded only at the top of the reach. Mean bias over all model nodes was  0.036 ◦C, and bias was  a maximum of
.1 ◦C in absolute value at each node. Nash-Sutcliffe Efﬁciency computed on the logarithms was  nearly identical to that
omputed on the raw output (Fig. 2), indicating that large errors did not skew performance measures. Log-NSE was greater
han 0.96 at all nodes. The best time series model of error at this node (over 50 % of the AICc weight) consisted of a periodic
omponent with a frequency of 6 cycles per day and ﬁrst-order autocorrelation of 0.67 between hourly time steps. This
tatistical characterization of the error clearly showed that Heat Source systematically over-predicted water temperature
rom late morning through mid-afternoon (Fig. 3).
.2. Mitigating elevated stream temperature with riparian reforestation
Heat Source predicted increases in mean daily average stream temperatures over the study reach of 0.23 ◦C/km, 0.45 ◦C/km,
nd 0.68 ◦C/km resulting from climate-change-induced increases in mean annual air temperature of 2 ◦C, 4 ◦C, and 6 ◦C,
espectively (Table 4). Temperature increases were reduced by 0.11 ◦C/km under simulated partial reforestation of riparian
uffers, and 0.26 ◦C/km with full reforestation (Table 4). Reforestation thermal proﬁles highlight the buffering potential of
iparian forest during daily maximum temperatures (Fig. 4). Model simulations of ﬂow reductions indicated an overall trend
f increasing mean stream temperatures as mean air temperature increased and stream discharge was  lowered (Table 4). The
reatest warming was observed for the 10th percentile ﬂow under 6 ◦C of air temperature warming (from baseline conditions
f 18.66 ◦C to 20.02 ◦C). Interestingly, no differences in mean stream temperatures were observed for ﬂow reductions under
he 2 ◦C scenario. Lower ﬂows resulted in greater heating during peak hours, but this was balanced by higher cooling rates
274 R.M. Bond et al. / Journal of Hydrology: Regional Studies 4 (2015) 267–279Fig. 3. Model error at the downstream-most node. (A) predicted versus observed temperature values for all hourly observations over the ﬁve-day modeling
period.  Line indicates perfect ﬁt. (B) periodic component of error. Dashed line indicates perfect ﬁt.
during nighttime hours. Accordingly, maximum daily temperatures increased as ﬂow was reduced (Fig. 5), and minimum
daily temperatures became lower.
Full reforestation more than doubled the cooling effect on mean daily stream temperatures of partial reforestation. The
cooling effect of reforestation increased as the simulated stream discharge was lowered. Cooling effects in the different ﬂow
scenarios were similar across increased air temperature scenarios (Table 4). For example, under full reforestation Heat Source
predicted 0.26–0.27 ◦C/km cooling under current ﬂows, 0.29–0.31 ◦C/km with 14.8 % reduction, 0.39–0.40 ◦C/km cooling with
38.3 % reduction and 0.66-0.68 ◦C/km cooling with 71.0 % reduction, all regardless of air temperature scenario.
Reforestation lowered maximum daily temperatures in all scenarios, however not always cooling the stream at or below
current climactic conditions (Fig. 5). Partial reforestation lowered maximum daily temperatures below baseline for all 2 ◦C
air temperature rise scenarios except the 71.0 % ﬂow reduction scenario. Partial reforestation did not lower daily maximum
temperatures in any of the ﬂow reduction scenarios with 4 ◦C and 6 ◦C temperature rise. (Fig. 5). Full reforestation lowered
maximum temperatures below current conditions under all scenarios except 6 ◦C temperature rise combined with 71.0
% ﬂow reduction. Daily minimum temperatures were very similar between reforestation scenarios. A slight increase in
◦daily minimum values (∼0.06 C/km) was observed with increased vegetation, possibly due to increased air temperature
or increased long-wave radiation from the vegetation. Our sensitivity analysis found no difference in the predictions of
warming or buffering from reforestation over the study reach when boundary-condition stream temperatures (inﬂows to
the top of the study reach) were increased by 2 ◦C over the values observed during the study period.
Fig. 4. Thermal proﬁles comparing warning scenarios without changes in ﬂow (solid lines) with (A) partial reforestation (dashed lines) and (B) full
reforestation (dotted lines) during daily maximum betwee 12:00 and 18:00 on July 22nd 2012, Salmon River, California, USA.
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Table  4
Modeled climate-change and ﬂow reduction scenarios, resulting stream temperatures, and cooling resulting from with reforestation. Stream warming,
reforestation and ﬂow reductions are relative to ﬁeld conditions measured July 20–24, 2012 on the North Fork Salmon River, CA, USA. Flow reductions of
14.8  %, 38.3 % and 71.0 % correspond to the 50th, 25th and 10th percentile ﬂows for 1911–2014, respectively.
Model scenario Modeled ﬂow
reduction [%]
5 day mean stream temp.
[◦C/km]
Increase in stream temp.
[◦C/km]
Partial reforestation
[◦C/km]
Full reforestation
[◦C/km]
Baseline 0 18.66 0 −0.110 −0.259
With  2 ◦C Increase in mean annual air temperature
A2 0 18.89 0.225 −0.112 −0.263
A2F15  −14.8 18.89 0.226 −0.122 −0.287
A2F38  −38.3 18.89 0.228 −0.165 −0.387
A2F71  −71.0 18.89 0.226 −0.280 −0.659
With  4 ◦C increase in mean annual air temperature
A4 0 19.12 0.452 −0.115 −0.268
A4F15  −14.8 19.15 0.485 −0.131 −0.305
A4F38  −38.3 19.22 0.561 −0.169 −0.394
A4F71  -−71.0 19.45 0.788 −0.285 −0.669
With  6 ◦C increase in mean annual air temperature
A6 0 19.34 0.681 −0.117 −0.273
A6F15  −14.8 19.41 0.746 -−0.134 −0.311
A6F38  −38.3 19.38 0.897 −0.172 −0.401
A6F71  −71.0 20.02 1.355 −0.291 −0.681
Fig. 5. Thermal proﬁles comparing warning scenarios (solid lines) with partial reforestation (left panels, dashed lines) and full reforestation (right panels,
d
c
d
4
4
cotted lines) during daily maximum between 12:00 and 18:00 on July 22nd 2012, Salmon River, California, USA. Flow reductions are represented by each
olor.  The black solid lines are the base (observed 2012) condition. Panels (A) and (B) also include reforestation scenarios with no warning simulated (black
ashed and dotted lines respectively).
. Discussion.1. Model performance
Heat Source is a mechanistic model that estimates stream temperature from geomorphic, meteorologic, and hydrologic
onditions (Boyd and Kasper, 2003). Heat Source was developed to help inform land managers on current and potential
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restoration conditions. The four measures of spatial model ﬁt used in this analysis were comparable to previous Heat Source
applications in Oregon (ODEQ, 2001, 2010; Crown et al., 2008; Crown 2010). Our study focused on matching the entire daily
cycle, while Heat Source TMDL applications have focused on matching daily maximum temperatures. Had we  calibrated our
model to match daily maximum temperatures, the systematic over-prediction of afternoon temperatures (Fig. 3) would have
been lower, at the cost of overall performance throughout the diel cycle. Our study’s Log-NSE is much lower than previous
applications, most likely due to small size of the temporal and spatial domains we used. Our study’s mean and maximum
RMSE are similar to those of other applications of Heat Source to small drainages (ODEQ, 2001, 2010). For perspective, our
study’s maximum RMSE of 0.40 ◦C is about 8 % of the diel ﬂuctuation (5 ◦C) observed over the study period.
The spatial pattern showing a decrease in ﬁt in a downstream direction was most likely due to lack of continuous data at
the downstream end of the study reach. Both stream ﬂow and meteorological conditions (i.e., wind speed, air temperature,
humidity, solar radiation) were measured only at the top of the study reach. While Heat Source took the distance from the
upstream continuous data node into account, additional meteorological stations at more locations would have increased
model ﬁt because the inputs at each spatial location would be more accurate than just using values measured at the upstream
node.
One area that required direct calibration of model outputs to match ﬁeld measurements was the depth and extent of
hyporheic exchange. Other studies have highlighted this as an area of uncertainty (Malcolm et al., 2004). Heat Source does
not explicitly track ﬂows into and out of the subsurface reservoir. DTS has been used to estimate groundwater inﬂow in
previous work and could facilitate future modeling efforts (Westhoff et al., 2011b). Future versions of Heat Source would be
strengthened by incorporating greater hyporheic ﬂow modeling.
Heat Source further requires an hourly stream temperature boundary condition. Our study did not change this bound-
ary stream temperature condition to reﬂect climate-change, although we did conduct a sensitivity analysis on boundary
conditions. Our investigation focused on the relative change in heating and timing through the study reach rather than the
absolute change in temperature. Elevated air temperature is expected to change the initial condition of stream tempera-
ture. Our sensitivity analysis found no difference in warming or warming offset between simulations that used observed
water temperatures as the boundary conditions and simulations that used boundary conditions that were 2 ◦C higher than
observed values. We  concluded that model errors were within an acceptable range and felt conﬁdent in using Heat Source
to investigate climate warming and reforestation scenarios.
4.2. Mitigating elevated stream temperature with riparian reforestation
Riparian zones create microclimates which dynamically interact with energy exchanges between the water–air inter-
face (Moore et al., 2005). Riparian zones provide thermal buffering directly via shading and changes in longwave radiation
(Brown and Krygier, 1970; Armour et al., 1991; Fleischner, 1994) as well as indirectly via interacting with channel hydraulics
(Andrews, 1984). Our study found that partial and full reforestation of riparian buffers reduced the impacts of climate-change
on stream temperatures. Mean daily maximum temperatures were reduced by reforestation while daily minimum temper-
atures were essentially unchanged. The reduction (0.11–0.12 ◦C/km and 0.26–0.27 ◦C/km per 2 ◦C air temperature increase
for partial and fully forested respectfully) is within the same order of magnitude as simulated heating caused by climate-
change (0.23 ◦C/km, 0.45 ◦C/km, and 0.68 ◦C/km for mean air temperature increases of 2 ◦C, 4 ◦C, and 6 ◦C respectively). This
means that reforesting areas lacking riparian zones (currently denuded gravel bars and areas with little vegetation) not only
improves stream temperature related to current conditions but could reduce impacts from future warming conditions under
constant boundary conditions. Numerous experiments removing forest vegetation and observing resultant stream warming
have been performed, emphasizing the important role of riparian cover in protecting streams from direct insolation (Moore
et al., 2005, Webb et al., 2008).
The simulations of reduced stream discharge during peak heating months, representing reduced snowpack, indicated
strong increases in mean and maximum daily stream temperatures. The effect increased as the modeled discharge decreased.
Interestingly minimum temperatures were lowered under reduced discharge scenarios. Cooling takes place at nighttime
when stream water emits more longwave radiation than it is receiving from the landscape and atmosphere. Thus with less
water the stream appears to both warm and cool faster. While the buffering effect of reforestation did not change for different
air temperatures, it was observed to increase with reduced discharge. For example, a cooling of 0.68 ◦C/km was  observed for
71.0 % ﬂow reduction and 0.31 ◦C/km for 14.8 % ﬂow reduction under the 6 ◦C air temperature rise scenario. These results
would suggest the additional importance of reforestation as climate warming results in lowered discharges and shifts in
snowmelt timing.
Heat Source was parameterized here to model climate-change scenarios of increased average daily temperatures and
reduced stream ﬂow. The simulation could be improved by investigating how changes to the diurnal pattern of temperature
increase (e.g., greater changes to daily maximum temperatures than to means) affect stream temperature. Other aspects
of climate that are expected to change and will inﬂuence stream temperature, directly or indirectly will be precipitation,
wildﬁre frequency, discharge, and groundwater inﬂows, relative humidity, cloudiness, and wind speed and direction. Heat
Source modeling of forest reforestation is robust as it captures changes to forest canopy and shading more explicitly, with net
solar radiation being order of magnitude larger inﬂuence on stream temperatures than sensible and latent heat exchange
(Moore et al., 2005).
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Riparian ecosystems are naturally resilient and may  provide an adaptive role in mitigating negative climate-change
mpacts (Seavy et al., 2009). Our results indicate that land managers can focus initially on matching partially forested
onditions for the near future (ﬁrst half of the 21st century) and see immediate beneﬁts. Fully forested conditions can
urther buffer stream temperature for the 2099 elevated air temperature scenario. Focusing restoration efforts on reforesting
iparian areas have additional ecological beneﬁts such as linking aquatic and terrestrial systems, reducing the impacts of
xtreme ﬂooding, and possibly creating additional thermal refugia (Seavy et al., 2009). With stream temperatures rising
orldwide (e.g., Kaushal et al., 2010) and a continuation of this trend predicted (van Vliet et al., 2013) it is critical to start
mplementing and testing land management strategies that can potentially ameliorate ecological impacts. There is a need
o conduct research that evaluates climate adaptation measures in addition to understanding climate drivers of ecological
hange (Wilby et al., 2010). Restoration practitioners need to restore ecosystem function as well as adapt to climate-change
nd enhance ecological resilience (Millar et al., 2007; Heller and Zavaleta, 2009).
. Conclusions
The model Heat Source was successful in simulating stream heating during critical low ﬂow time periods, July 20–24,
012 for salmonid species in the North Fork of the Salmon River, CA USA as measured by four measures of model ﬁtness
o temperature data collected using distributed temperature sensing technology. The effect of elevated air temperature on
ean and maximum daily stream temperatures resulting from climate-change was predicted. Results indicate a 0.23 ◦C/km,
.45 ◦C/km and .68 ◦C/km increase in mean stream temperature resulting from 2 ◦C, 4 ◦C and 6 ◦C of air temperature rise
elative to current conditions. Simulations of partial reforestation of riparian forest degraded by historic gold mining offset
his warming by cooling 0.11–0.12 ◦C/km for the partial and 0.26–0.27 ◦C/km for the full reforestation scenario for all three
ir temperature increases. Minimum temperatures were slightly raised by reforestation. Model results indicate that lower
ummertime streamﬂow from reduced snowpack and earlier snowmelt will result in higher peak stream temperatures. This
arming could be mitigated by reforestation. However under the most severe ﬂow reduction and warming scenarios (6 ◦C air
emperature increase, 71.0 % ﬂow reduction), only half the predicted stream warming for this site would be reduced by the
ull reforestation scenario. Mitigating stream temperatures is important because peak temperatures are already exceeding
olerance limits for salmonid species. Land managers investigating “thermal hotspots” should consider reforestation as a
ool for mitigating both current and future warming.
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